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INTRODUCTION
It is now understood that fiber-optic probes in which the signal is detected at a distance from the point or points where light is injected into the system can be used for depth-resolved subsurface optical spectroscopy in highly scattering (turbid) systems, such as tablets, polymers, and human or animal tissue. As the distance between the illumination and collection region is increased, the recovered Raman spectra contain increasingly greater contributions from subsurface components. This approach has been widely applied to human and animal tissue using near-infrared (NIR) and fluorescence spectroscopies. 1, 2 Only recently however, have the same principles been used for subsurface Raman spectroscopy and mapping.
Shim et al. 3 demonstrated depth-resolved Raman spectroscopy in an Intralipid suspension phantom using a 7-around-1 fiber-optic probe with interchangeable beveled tips. As tips with increasing bevel angles were used, the distance between excitation and collection region decreased and the collection region moved closer to the surface. The same probe was used by Bakker Schut and co-workers to detect dysplastic tissue in a rat model of oral cancer. 4 The beveled collection fibers sampled well below the surface of the specimen to include bone tissue. To resolve the dysplastic tissue spectrum from the underlying bone spectrum, principal component analysis was used. Later, Motz et al. showed that with a tightly focused probe, a spacer between the laser delivery fiber, and fifteen collection fibers were needed to obtain the maximum Raman signal from the surface of a highly scattering sample. 5 Their probe was intended for insertion into a catheter and only small offset effects were studied.
For these early studies, the probes used had limited source/ detection spacing and therefore the signals were recovered from depths of less than 1 mm. The potential for greater depth penetration and depth resolution by spatial offsetting was first demonstrated and systematically investigated by Matousek et al. 6 These workers were also the first to use Monte Carlo methods to model spatially offset Raman spectroscopy (SORS). 7 Since the first demonstration of millimeter depth resolution with a two-fiber probe, several new designs have been implemented. Pharmaceutical 8 and biomedical [9] [10] [11] problems have emerged as the first major application areas.
The first depth resolving fiber Raman probes employed point illumination. However, this approach limits the amount of laser power that can be delivered without thermal damage. The problem is serious in biomedical applications and there are accepted standards for maximum laser power exposure to human skin such as ANSI Z136.1-2000. 12 We have demonstrated that laser power distributed over the field of view of collection fibers can eliminate thermal damage and can also allow subsurface mapping. 13 This global illumination method was demonstrated in Raman microscopic mapping a decade ago, 14 although its subsurface measurement properties were not discussed. Using a commercially available fiber-optic probe, we have demonstrated mapping of polymer samples placed beneath several millimeters of Teflon. 13 We have also shown that the global illumination probe can recover bone Raman spectra through the skin of human cadaveric limbs and chicken legs at depths of several millimeters. 9 If the target tissue (or other object) is close to the surface, point illumination is certainly feasible. Bone spectra have been observed through the skin of a volunteer using point illumination with low power (1.8 mW) and an array of collection fibers. 11 Though subsurface information is available, the global illumination probe, in common with other backscatter-collection methods, heavily weights spectral components from at or near the surface of the material. 8 For transcutaneous Raman spectroscopy in human or animal subjects, this surface weighting results in a large fluorescence background from skin melanin. One simple and powerful solution to the surface weighting problem is to illuminate one surface and collect the light transmitted through the sample. 15 Matousek has recently demonstrated that collecting transmitted light in a strongly scattering system provides surface fluorescence rejection as well as composition averaging. 8 Another solution to the surface weighting problem is a fiber probe design that has been independently developed by our group, 10,16 denoted as annular illumination or ring/disk, and by Matousek, 17 described as inverse SORS. In this design, an axicon is used to convert the laser beam into an annulus, which surrounds the field of view of a disk-shaped array of collection fibers. The separation between the illumination ring and the collection disk determines the depth from which much of the signal is recovered. In biomedical applications, an advantage of this design is that much of the skin fluorescence is spatially rejected. The ring diameter is easily varied with telephoto optics 10, 16 or by changing the distance between the axicon and the specimen. 17 It is expected that the ring/disk probe can provide subsurface maps as well as depth-resolved spectra and rejection of surface signals. The ring/disk configuration may be especially useful for measurements in tissue or in other materials where thermal damage is likely. It is well known that heat is conducted away from a line-focused laser beam more efficiently than from an area-focused beam. 18 Except at very small diameters, the ring is thermally equivalent to a line, suggesting that the ring/disk probe may have better thermal properties than the global illumination probe.
An additional advantage of the ring/disk configuration is the potential of using multiple ring/disk separations to acquire both Raman spectra of a target at multiple depths and an approximate three-dimensional reconstruction. Changing ring diameter changes the angle at which light is incident on the surface of a specimen. Changes in ring diameter are equivalent to the generation of new projections for use in tomographic reconstruction.
Tomographic reconstruction methods have been described in the fluorescence literature and are currently an active area of research. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Reconstruction from fluorescence data is an illposed inverse problem. Accuracy of reconstruction can be improved and computations can be simplified by utilizing prior knowledge of the shape of the buried target. Target shape can often be obtained by proven methods based on, for example, ultrasound, magnetic resonance imaging, or X-ray tomography.
Optical spectroscopy may be an important complement to such technologies as magnetic imaging resonance (MRI), computed tomography, and ultrasound, which provide detailed morphological information and some mechanical property estimates, but limited or no chemical composition information. Near-infrared and fluorescence spectroscopies partially overcome this limitation, and it is expected that Raman spectroscopy can be developed into a powerful alternative and/or adjunct for many important biomedical applications.
In this paper we examine the effects of ring/disk separation on both the depth recovery of spectra of buried components and on subsurface mapping. To facilitate comparison with our global illumination probe, we test the subsurface mapping properties of the ring/disk probe using blocks of polyethylene, Teflon, and Delrin in simple geometries. We also present results of transcutaneous spectroscopy in canine tibiae, used as a model system for human subject bone tissue spectroscopy and mapping.
EXPERIMENTAL
A schematic of the Raman spectroscopic system is shown in Fig. 1 . A 400 mW 785 nm external cavity diode laser (Invictus, Kaiser Optical Systems, Inc., Ann Arbor, MI) is used for excitation. The laser beam is passed through a 200 lm core NIR optical fiber (Multimode Fiber Optics, Hackettstown, NJ). The light was collimated (F810FC-780, Thorlabs Inc., Newton, NJ) and directed through a 1758 axicon (Del Mar Photonics, San Diego, CA). A Galilean telescope (positive/negative lens pair) was used to focus the ring to inner diameters between 3.0 mm and 14.5 mm. The collection channel of a non-confocal fiber-optic probe (PhAT probe, Kaiser Optical Systems, Inc.) was employed to collect backscattered Raman shifted light and present it to the spectrograph. The probe contained a 1 mm in diameter circular bundle of fifty 62.5 lm core/125 lm core plus cladding collection fibers. A 75 mm focal length lens was used at the probe head, resulting in a 3 mm diameter circular field of view from the fiber bundle. A dichroic mirror (Chroma Technology Corp., Rockingham, VT) reflected the 785 nm light to the sample and transmitted the Raman signal to the collection fibers. Components were mounted in lens tubes and a mirror mount (SM1 series, Thorlabs Inc., Newton, NJ). A NIR-optimized imaging spectrograph (Holospec, f/1.8, Kaiser Optical Systems) fitted with a 50 lm slit was used to provide 6-8 cm À1 spectral resolution. The detector was a thermoelectrically cooled deep-depletion 1024 3 256 pixel chargecoupled device (CCD) (Model DU420-BR-DD, Andor Technology, Belfast, Northern Ireland) operated at À75 8C. No binning was used.
The wavelength axis of the spectrograph was calibrated against the neon discharge lamp of a HoloLab Calibration Accessory (Kaiser Optical Systems, Inc.). The diffused white light from the Calibration Accessory was used to correct for the Blocks of polymers were used for depth penetration and subsurface mapping experiments. Polyethylene, Delrin, and Teflon were machined into 51 mm 3 51 mm blocks and stacked to achieve different thicknesses and different geometries ( Fig. 2) . A 225 g brass block with a circular hole was placed over the assembly of polymer blocks to minimize voids between them. The configuration in Fig. 2a was used to examine mapping capabilities of the probe. The collection disk was oriented over the center of the interface between the polyethylene and Delrin blocks. The illumination ring was incident on the Teflon surface and the collection optics were focused onto the surface of the Teflon block over the subsurface interface. The thickness of the Teflon layer was varied between 0 mm and 10.4 mm in increments of 0.8 mm.
To generate maps of the subsurface interface, the known correspondence between the positions of fibers at the linear array (spectrograph) end of the fiber bundle and the circular (collection) end was used. 13 The configuration in Fig. 2b was used to measure the polymer thickness through which the spectrum of a buried block of Delrin with a thickness of 4 mm could be recovered. Teflon layer thicknesses between 13.0 mm and 22.6 mm were used. Table I shows the inner and outer diameters of the rings of laser light used in these measurements, and a schematic of the ring illumination/disk collection scheme is shown in Fig. 3 .
The tissue specimens used were intact canine lower extremities obtained from a discarded tissue repository. The limbs were harvested from an animal euthanized in approved (University Committee on Use and Care of Animals) studies at the University of Michigan Medical School. The preparation of the specimen included preservation of all the soft tissues and skin distal to the mid-femur. Hair was removed with a depilatory agent (Sally Hansen Corp, Uniondale, NY) and glycerol was then applied for optical clearing. The collection disk was positioned at the medial side of the left and right tibia at the diaphysis. The dimensions of the rings used for transcutaneous measurements are shown in Table I .
After all transcutaneous measurements were completed, the overlying tissue was removed. Spectra of the exposed bone were obtained with global illumination and with the ring/disk configuration using ring 5 (Table I ). The two data sets were combined to provide 100 reference bone spectra. 
DATA TREATMENT
All data reduction was performed in MATLAB 6.1 (The Mathworks Inc., Natick, MA) using vendor-supplied and locally written scripts. The data for each acquisition consisted of an array of 256 Raman spectra as a single CCD image. Initial preprocessing included dark current subtraction, correction for pixel-pixel response variations, and correction for wavelength response variations. The images were then corrected for slit image curvature caused by the large gathering angle of the spectrograph. A Blackman-Harris windowing function was applied to each spectrum to remove highfrequency components. 29 The spectra from each fiber covered five rows of the spectrograph, but only the central three spectra from each fiber were used to avoid cross-talk from adjacent fibers. For each acquisition the central three spectra were averaged prior to further data reduction, yielding a data set of fifty spectra, each spectrum corresponding to one fiber. A wavenumber region of interest was then selected.
To investigate depth of signal recovery for the polymer data, band target entropy minimization (BTEM) [30] [31] [32] [33] [34] was used to recover the Delrin factor. The spectral range chosen for targeting was 910 cm À1 to 925 cm À1 (Delrin max at 918 cm À1 ); the number of eigenvectors was increased from 15 to 195 as the amount of overlying Teflon increased. Use of a large number of eigenvectors is necessary to extract minor spectral components by BTEM. Inclusion of eigenvectors containing predominantly distributed random noise is used to improve the signal-to-noise ratio of the recovered spectra. The stopping point is reached when additional eigenvectors add only noise. At least twice as many eigenvectors are included in the calculation as the number of components sought. Usually many more are included. We use the eigenvector weight distribution test for selecting the appropriate number of eigenvectors, as described elsewhere. 33 To investigate the preservation of spatial information, a covariance matrix was calculated and a score plot was generated using reference measurements on each of the polymers. The factors were normalized so that the sum of the scores for a given fiber equaled the total intensity of signal from that fiber. The relative intensities were then mapped onto a schematic of the collection array. This was done for each ring. Measurements for all four rings were normalized and then combined into a single matrix resulting in a dataset equivalent to taking a 4 minute acquisition with each ring illuminating for 1 minute. Each ring was concentric to the collection region.
For the canine limb data, an iterative baselining procedure with a fifth-order polynomial was used to remove background fluorescence. 35 For the transcutaneous measurements, BTEM was used to recover a bone factor for each ring. The region of interest targeted was 956 cm À1 to 962 cm À1 , which contains the phosphate m 1 band in bone. The number of eigenvectors ranged from 5 to 25. The recovered bone factor and all the exposed bone measurements were imported into GRAMS/AI/Razor Tools (Thermo Galactic, Madison, Wisconsin) and fit for peak areas and heights using mixed Gaussian and Lorentzian polynomials and standard peak width constraints. 
RESULTS AND DISCUSSION
Reference spectra for polyethylene, Delrin, and Teflon were obtained using global illumination and are shown normalized and offset in Fig. 4 . The top spectrum of polyethylene is the averaged spectra obtained from fifty collection fibers. The strongest band is at 808 cm À1 . The middle (averaged) spectrum is of Delrin. The strongest Raman band is at 918 cm À1 . The bottom (averaged) spectrum is of Teflon. The strongest band is at 732 cm À1 . Figure 5 shows results from the three-component polymer system (Fig. 2a) . The spectra in Figure 5a are the averaged spectra obtained from the fifty collection fibers for each ring/ disk spacing with 5.6 mm of overlying Teflon. The spectra are offset for clarity. The spectral region from 800 cm À1 to 1150 cm À1 contains the most intense bands for the polyethylene and Delrin subsurface components. This region is enlarged to illustrate the increasing contribution of the subsurface components to recovered signal intensity as the ring/disk spacing is increased. Figure 5b shows the average spectrum from all four ring/disk separations (i.e., from 200 fibers) as the depth of overlying Teflon increases. The most intense bands of both Delrin and polyethylene are visible through 10.4 mm of overlying Teflon. Figure 6 shows Raman maps of the three-component system used to investigate the depths at which spatial recovery is achievable with different illumination/collection separations. A Raman map of the polyethylene-Delrin interface (no overlying Teflon) is shown at the top left-hand side of the figure. The first and second columns illustrate a 0 mm and 0.5 mm illumination/ collection spacing, respectively. The spatial information is preserved from 0.8 mm until a depth of ;4 mm of overlying Teflon. Raman maps of the 2.5 mm collection/illumination spacing are shown in the third column. The interface is blurred at a depth of 0.8 mm, regains focus at a depth of 1.6 mm, and then loses focus at a depth between 4.8 mm and 5.6 mm of overlying Teflon. Similar results are seen in the fourth column for the 4.5 mm illumination/collection spacing. As the illumination/collection spacing increases, spatial information from deeper depths is preserved while the spatial information at shallower depths is blurred. This suggests that an optimal illumination/collection offset exists for different depths. The fifth column shows Raman fiber maps that result when the datasets from all four illumination/collection separations are linearly added (200 collection fibers). The polyethylene-Delrin subsurface interface is in focus from 0.8 mm of overlying Teflon and remains in focus until between 5.6 mm to 6.4 mm of overlying Teflon. The multiple depths of focus are a result of multiple illumination/collection spacings. Equal weighting of each ring in the combined data set provides only a first approximation towards the reconstruction of the subsurface composition and morphology. This approximation yields adequate results for simple polymer block geometries. In less contrived systems, more complex restoration algorithms and optimized spacing protocols will be necessary to achieve subsurface Raman mapping. Figure 7 shows results for the two-layer polymer system (Fig. 2b) . In Fig. 7a , the data from all four illumination/ collection spacings are combined and averaged at each of the Teflon depths sampled. Reference spectra for Teflon (top) and Delrin (bottom) are included. The region from 800 cm À1 to 1150 cm À1 is magnified to emphasize the Delrin contribution to the average signal. The Delrin band at 918 cm À1 is visible with 22.6 mm of overlying Teflon. The recovered (BTEM) Delrin factor is shown in Fig. 7b . The Delrin factor is recoverable with high signal-to-noise ratio through 17.8 mm of overlying Teflon, while more noisy Delrin factors, which can be used for mapping, are recoverable at 22.6 mm of overlying Teflon. Figure 8 shows the results of spectra taken of an excised canine tibia. The target was bone, which was found to be 2 mm below the skin's surface. In Fig. 8a , the transcutaneous measurement (gray) is the average spectra obtained from all 10 rings (500 fibers). The transcutaneous measurements contain bands from components of the skin and underlying tissue including collagen, lipids, melanin, and blood. For comparison, the exposed bone measurements (n ¼ 100) are shown in black. Figure 8b shows the BTEM recovered bone factors for each illumination/collection spacing. The exposed bone measurements are shown for reference. Figure 8c shows the carbonate/phosphate (1070 cm À1 /958 cm À1 ) band area ratios and Fig. 8d shows the carbonate/ phosphate band height ratios as a function of ring center diameter. Carbonate/phosphate is a potential biomarker for fragility fracture susceptibility in osteoporotic bone tissue. 36 Both Figs. 8c and 8d show the ratio for the exposed bone spectra (n ¼ 100; error bars represent one standard deviation from the mean), the recovered bone factor for each ring illumination, and the recovered bone factor for the combined data set, with each ring/disk spacing given an equal weighting. From this data it is seen that for a 3 mm diameter collection disk, a center ring diameter of 8.0 mm provides an approximation to the optimal ring/disk separation. At this ring/disk spacing there is a þ1.5% error in the ratio calculated from band areas and a À0.7% error in the ratio calculated from band heights. Using all the ring/disk spacings results in larger errors. The carbonate/phosphate ratio calculated as band areas has a þ22% error and by heights has a 36% error. These poor results occur because the small ring spacings overemphasize scatter from close to the skin surface, while those at the largest spacings include data with very low signal-to-noise ratio.
To define criteria for choosing ring/disk separations, we plotted phosphate m 1 /phenylalanine ring breathing band height and area ratios as functions of ring diameter. This ratio measures the relative amounts of bone mineral and total collagen (skin, tendon, and bone) in the recovered spectra. The results are shown in Fig. 9 . As expected, these ratios increase with increasing ring/disk spacing. The increase is slow at small spacings and rapid when the spacing is increased sufficiently to attenuate much of the signal from skin and tendon collagen. The starting point of this rise is the spacing at which the best accuracy is obtained. Although the bone contributions to the measured spectra are even greater with larger spacings, the signal-to-noise ratio decreases rapidly, leading to increased error.
A simple and effective protocol for bone signal recovery is to vary the ring spacing around the approximate value of the optimum. Either the inflection point or the results of BTEM or another multivariate self-modeling curve resolution method can be used to extract the bone spectrum and calculate the desired band area and height ratios. Of course, efficient use of this procedure requires prior knowledge of the depth below the skin at which the bone is found. Approximate values are known for both men and women and methods such as ultrasound can provide accurate results for individuals.
To test this protocol, we applied it to measurement of a second canine tibia, using a point near the distal end of the tibia at which the bone was below 5 mm of skin and tendon. This measurement site was chosen because it is similar to the distance expected to the distal radius of female human subjects. Figure 10 shows the results of spectra taken of a second excised canine tibia. In Fig. 10a we show the mean transcutaneous spectrum calculated over the data set used to recover the bone spectrum by BTEM, the recovered spectrum, and the spectrum of the exposed bone. Figure 10b shows the phosphate m 1 /phenylalanine ring breathing band height ratios as functions of ring diameter. For clarity, error bars are omitted. In Fig. 10c the calculated carbonate/phosphate ratios by band height and area are compared to the measurements made on exposed bone tissue. From this figure it is seen that the height measurements are in good agreement (À4.5% error) with the FIG . 10 . Transcutaneous Raman spectra of dog tibia at the medial side of the right tibia at the dyaphysis, 5 mm of overlying tissue. (a) Averaged (n ¼ 250) transcutaneous spectrum (dashed), exposed bone spectra (n ¼ 100) (black), and recovered bone spectra (gray). (b) Phosphate m 1 /phenylalanine ring breathing band height ratios as a function of ring diameter (circles); approximation of expected function (line). (c) Carbonate/phosphate band area and height ratios for the recovered and exposed bone spectra. results for exposed tissue, but the agreement is poor (À63%) for measurements by area. We attribute this difference to the difficulty of defining area, especially the area of the less intense carbonate band, in these noisy measurements.
CONCLUSION
The results obtained with two-and three-component polymer systems demonstrates that the ring/disk fiber-optic probe has good depth recovery properties and preserves subsurface component distribution, although it is blurred by photon diffusion. Importantly, the ring/disk fiber-optic probe samples deep enough to recover bone spectra at least 5 mm below skin and tendons of canines. The data suggests that bone Raman measurements in human subjects are feasible at the distal radius and other sites that are important for prediction of osteoporotic fragility fracture susceptibility. Improving the collection efficiency of the optics will be needed to reduce the collection time to more realistic values. Our probe uses an f/3 collection lens. Decreasing the f/number should allow collection in shorter times.
In this work tomographic reconstruction has been limited to finding a buried interface centered in the field of view of the probe. This case is the simplest possible case of reconstruction using a priori spatial information and measured spectral information. It is known that the combination of independently measured spatial and optical spectral information provides the most accurate tomographic reconstruction using currently available fitting algorithms. The use of information-rich Raman spectral bands in tomographic reconstruction is potentially a powerful new methodology for medical diagnostics and a host of other applications. Experiments towards these goals are currently underway in our laboratories.
